O-Alkylation of phenol compounds was performed in a continuous flow apparatus under biphasic liquid/liquid conditions and promoted by tetrabutylammonium bromide (TBAB) as a phase-transfer catalyst. The segmented flow that is generated within the flow system is able to afford the desired ethers in high yield and in very short times.
In the last few years, continuous flow organic synthesis has received wider attention both in academia and in industry. Laboratory-scale flow reactors are characterized by the small dimensions of the channel in which the reaction takes place (diameter from 10 to 500 mm for microreactors and up to 1 mm for meso-flow reactors). The main benefits of these reduced dimensions are the resulting high surface to volume ratio that leads to a fast and efficient heat and mass transfer and the possibility of working under superheating conditions. In these ways, reaction times, selectivity, yields, and safety of the reaction are generally improved and the precise control of the process variables, such as temperature, pressure, and residence time, can lead to a faster setup of the reaction conditions [1] [2] [3] .
A phase-transfer-catalyzed biphasic liquid/liquid system is one of the most widely used synthetic methods for the alkylation of phenols, due to the undoubted advantage of using cheap inorganic bases and water as the main solvent.
Continuous flow reactors can be useful devices not only for homogeneous reactions but also for bi-(solid/liquid, immiscible liquid/liquid, and liquid/gas) and tri-phasic (solid/liquid/ gas) heterogeneous systems. In the case of biphasic liquid/liquid mixtures, when two immiscible solvents with high interfacial tension are introduced in the small-diameter channels of flow system through two different inlets connected by a T-junction, a "segmented flow" is formed. This flow is characterized by a series of regular liquid segments of one phase separated by segments of the other phase ( Figure 1 ). Within each segment, a fluid vortex is generated by interaction of the liquid with the channel wall that allows rapid internal mixing and a continuous refreshing of the interface. By utilizing the large interfacial area provided by segmented flow, efficient phase-transfer processes can be performed with high yields and short reaction time. On the basis of this concept, in the last few years, an increasing interest has emerged in the utilization of segmented flow to perform organic reactions in heterogeneous liquid/liquid systems [4] [5] [6] [7] [8] [9] .
Herein we report an efficient application of the continuous flow conditions for the O-alkylation of substituted phenols with alkyl halides. The results obtained in the flow mode will be compared with those obtained by classical batch mode and by microwave (MW) irradiation. (All the reactions were performed in a flow reactor configured as a combination of R-2 Pump Module and R-4 Reactor Module (Vapourtec Ltd). A 10-mL-volume PTFE-tubing reactor with 1-mm internal diameter was used.)
As test reactants, 4-tert-butyl phenol and benzyl bromide (BnBr) were dissolved in dichloromethane (DCM) (organic phase, solution A), while NaOH and tetrabutylammonium bromide (TBAB) were dissolved in water (aqueous phase, solution B) [10] . The two immiscible solutions, pumped separately as depicted in Scheme 1, were mixed together at a T-junction inlet before the reactor, to form the segmented flow (dimensions of each single segment: 1-2 mm). The same flow rates were maintained for the two channels for the homogeneity of each segment inside the reactor tube. The concentration of 4-tert-butyl phenol was standardized at 0.2 M. The optimization of the experimental parameters was systematically investigated by varying flow rate, reactor temperature, and amount of reactants. This setup phase was greatly facilitated by continuous flow, and a significant number of experiments were quickly performed sequentially (Table 1) . Conversion data shown in Table 1 are obtained as a result of selective transformation of the phenol starting material into the ether product, also in the presence of impurities (in this case their presence is highlighted and the complete transformation of the starting reactant is not an indication of a very high yield). The ether bond formation was complete at 90 and 100 °C up to a flow rate of 1.5 mL/min for each solution, maintaining very low residence time in the flow reactor (entries 2, 4, and 5). When the reactor temperature was increased, a set of unknown by-products were detected (entry 8). These side products appeared as a set of small lipophilic peaks in the ultra performance liquid chromatography (UPLC) chromatograms, probably coming from the thermal instability of the catalyst beyond 110-120 °C and side reactions of the alkylating agent. As their presence may be deleterious in terms of yields and purities, optimized conditions should avoid their formation. With the aim of making the purification step easier and increasing efficiency, the reduction of the amount of the alkylating agent was investigated. Good results were obtained at 90 °C using 1.2 equiv of benzyl bromide at 0.5 mL/min flow rate for each solution (entry 13). Further improvements in terms of reduction 
to lead the reaction to completeness under classical batch mode, even under heating. On the contrary, as already discussed by Yadav and coworkers, the MW irradiation may improve the biphasic etherification of phenols [11, 12] . The efficiency of MW heating was comparable to the efficiency of the mixing and heating transfer obtained in a segmented-flow mode. In fact, by applying the same reaction conditions that were optimized for the continuous approach, the benzylation of 4-tert-butyl phenol was complete under MW assistance too (entry 34), whereas under the less efficient traditional heating, the conversion was lower (entry 33). An additional advantage of the reactions conducted in a flow reactor is the facile route to scale-up, compared to MW irradiation performed in batch mode.
The benzylation reaction was also performed using different phase-transfer catalysts (data not shown), according to the conditions described in entry 13, but yielding unsatisfactory lower conversions. In particular, the reaction conversions obtained with triethylbenzylammonium chloride (TEBAC) and 18-crown-6 were 66% and 38%, respectively.
In continuation with the excellent results obtained with the conditions of entry 14, subsequent efforts focused on increasing the reaction output and on the reduction of the amount of PTC. With the objective of improving the output, the concentration of the substituted phenol was increased from 0.2 to 0.3 M, with a proportional increase in the concentration of NaOH to 0.9 M (entry 22). Unfortunately, the high concentrations of the reactant solutions hindered the flow of liquids within the instrument, causing overpressure blockage of the pumping system. The reduction in the concentration of NaOH avoided this problem but gave poor conversion to product (entries 23 and 24). All attempts to decrease the amount of the catalyst gave worse results (entries 25-29). Longer residence times were required to have satisfactory conversions, but leading negatively to the formation of lipophilic by-products. The sonication of the reaction mixture, known to be beneficial to the continuous liquid/ liquid biphasic reaction due to the ability of the sonic waves to further subdivide the segmented flow, increasing the interfacial surfaces [5, 13] , was ineffective in replacing the phase-transfer catalyst. The conversions were very low (8-12%) despite similar conditions as entry 14 were applied (data not shown). The good synthetic methodology, optimized for the continuous O-benzylation of 4-tert-butyl phenol with benzyl bromide, was then applied to a set of commercially available substituted phenols to confirm the general applicability of the biphasic alkylation procedure under continuous liquid/liquid flow conditions. As reported in Table 2 , the isolated yields of the synthesized ethers were good, considering the very short residence times. Benzyl bromide was used mainly as an alkylating agent, but good results were obtained with phenyl-substituted benzyl bromides, methyl iodide, and allyl bromide. The reaction of 2-naphthalenol with benzyl bromide (entry 10) yielded a mixture of two products: the desired benzyl ether as the major compound (88% yield) and a double alkylation by-product (simultaneous O-and C-alkylation, 8% yield). The presence of this side product was described in the literature [10] and its structure was confirmed by NMR analysis as 1-benzyl-2-(benzyloxy) naphthalene.
In summary, the classical biphasic liquid/liquid phase-transfer catalysis may be applied to the O-alkylation of phenol rings in continuous mode using a commercially available apparatus. An array of phenyl ethers were obtained in very good yields with very short reaction times and with simple work-up. This synthetic methodology is comparable, in terms of heating transfer and brief reaction times, to the widely applied MW-assisted organic synthesis. A further considerable advantage of this kind of approach is the easy scale-up of the process, through the simple continuous flow of the reactant solutions into the reactor without changing the reaction parameters optimized on small scale. Studies relating to this step and product isolation are in progress.
